Introduction
The Nonproliferation Technology Section (NTS) was requested by the Environmental Restoration Division (ER) to aid in completing ground-truth measurements of aerial overflight data in support of the Integrator Operable Unit (IOU) program at the Savannah River Site (SRS). The IOU's at the SRS are under investigation as a possible pathway for the release of contamination from past SRS activities to off-unit receptors and the environment. The IOU's are defined as surface water bodies and associated wetlands, including the water, sediment and related biota. The objective of the IOU program is to: assess the risk to potential human and ecological receptors from IOU contamination; evaluate the impact of inactive and active waste units and operating facilities on the IOU quality; determine if IOU early actions, including reprioritization of operable units implementation schedules, are necessary; and complete the remedial investigation/feasibility study process, defining the nature and extent of IOU contamination, remedial action objectives, and final remediation goals.
Aerial surveys are periodically completed at sites of interest to the Department of Energy, such as the SRS, to document baseline radiological conditions. A high performance helicopter equipped with two complete radiation detector and data acquisition systems is used for the aerial survey [1] . The radiation detector systems contain NaI(Tl) scintillation detectors. The gross counting rate measured by the radiation detectors is later converted to an exposure rate in µR/h assuming a uniformly distributed source covering an area which is large when compared to the detector's field of view (~100m diameter at 46m altitude). The products of the surveys have been integrated onto site maps depicting the distribution of the radioisotope of interest with isopleths used to indicate different areas of activity. These surveys demonstrated that the major isotope remaining on the 800-km 2 site is 137 Cs, confined primarily to the stream channels.
The NTS was asked to assist ER in ground-truthing the aerial overflight data using its SRUWDEOH UD\ VXUYH\ HTXLSPHQW 7KH LQLWLDO VWXG\ HQFRPSDVVHG WKH 6WHHO &UHHN watershed [2,3], an area comprising ~91-km 2 in the south central portion of the SRS. This report details the work completed in the Fourmile Creek (4MC) watershed. The 4MC watershed is an area of ~57-km 2 in the western part of the SRS which empties into the Savannah River. Fourmile Creek receives effluents from the seepage basins of two chemical separation facilities (capped in 1990), liquid and solid waste disposal facilities and, until 1985, cooling water from one of the production reactors at SRS. From facility effluent data, the total decay-corrected inventory of 137 Cs released to Fourmile Creek from site operations was estimated to be ~28 Ci as of 2001 [4] . Using data collected in 1978, Chen [5] recently modeled that as much as 72% of the cesium introduced to the 4MC would be deposited to the sediments.
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the radioactivity in the sediments along the 4MC floodplain, and then the models developed to convert in-situ measured counts per second in the 137 Cs photopeak to pCi/g of 137 Cs in the sediment, taking into account the average soil density and the depth of the contamination [6] . This information was then coupled with the aerial overflight data to calculate the inventory of 137 Cs remaining in the 4MC floodplain [7] . The results from all the field measurements are included in the Appendix to this document.
Methods of Analysis
The results of the most recent aerial surveys (1991 [1] and 1998 [8] ) were used to identify sampling transects for surface radiation measurements along the 4MC. Thirteen transects were selected along the creek (transects 4-16); an additional three transects (transects [1] [2] [3] were established in the Savannah River swamp area near the discharge of 4MC into the Savannah River floodplain (Figure 2 and 1, respectively). All transects were chosen by ER based on the count rates observed in the 662 keV region of the spectrum recorded in the aerial surveys. Most transects were made perpendicular to the stream flow and went from near the headwaters of the creek, near the discharge locations, to the floodplain of the Savannah River. They extended from areas of background through the areas of the highest 137 Cs count rates and back to background on the opposite bank. Several transects were made parallel to the stream channel through areas of increased activity based on the aerial survey data. 
Figure 2. Locations of Transects 4-16 in Fourmile Creek
After clearing the selected transects, the precise measurement locations were determined using a differentially corrected geographic positioning system (GPS) and field survey equipment. The field measurements made by the NTS were performed at ~60 meter intervals in background areas and at ~30 meter intervals in areas of higher 137 Cs levels along each transect. The field measurements were made using the Berkley Nucleonics Corp. (BNC) Survey and Monitoring (SAM) 935 analyzer. The SAM 935 consists of a 5-cm x 5-cm NaI(Tl) detector coupled to a multi-channel analyzer. The detector was placed in a tripod and held 30 cm above the ground (Photo 1). A three-minute spectrum was recorded at each location. A second measurement was made at each location with a 5-cm thick lead absorber placed directly below the detector to determine the surrounding background. The total net count rate (0-2000 keV) and the count rate in the 137 Cs photopeak (662 keV) were determined in each spectrum. The average peak intensity in the soil directly under the detector (radius ~25 cm) was determined by subtracting the shielded count rate from the unshielded count rate at each location.
For the original Steel Creek survey work [2,3] Microshield™ 1 was used to estimate the soil concentration (pCi/g) of 137 Cs which would yield the observed net peak intensity at each measured location. Modeling the source spatial and depth distribution utilized a source configuration developed from soil compositions described by Miller and Shebell [9] . The model assumed a uniform source distribution of 137 Cs in the top 0.5 cm of soil with a bulk density of 1.6 g/cm 3 . Moisture content was assumed to be 10% at all sampling locations. Surface soil samples had been collected from 28 of the 131 in-situ measurement locations. These were returned to the lab and analyzed by high-resolution UD\ VSHFWURVFRS\ XVLQJ D KLJK SXULW\ JHUPDQLXP +3*H GHWHFWRU $ FRUUHODWLRQ coefficient of r 2 = 0.71 ( Figure 3 ) was found between the field survey results calculated by Microshield™ and the laboratory results. Of the 18 samples collected that had 137 Cs in excess of the Site benchmark value (21.8 pCi/g), 16 were found using the field survey 137 Cs was uniformly distributed in the top 0.5 cm of the soil. Literature suggested the depth distribution of the 137 Cs in soil is probably exponential [10] but due to reduced operations at the SRS it was suspected that there might be a considerable clean earth overburden in some locations. To better understand the depth distribution of the 137 Cs in the 4MC floodplain a series of core bore samples were taken. The total net count rates (0-2000 keV) were used to select locations for the core bore sampling. Segmented core-bore samples were taken at these locations and composited into 0-1 foot, 1-3 foot and 3-5 foot sub-samples. Typically one core-bore ZDV WDNHQ SHU WUDQVHFW 7KHVH FRPSRVLWHV ZHUH WDNHQ WR WKH ODERUDWRU\ IRU GHWDLOHG UD\ spectrometry analyses using a HPGe detector.
After removal of the core-bore samples, the resulting holes were surveyed by the NTS. A 2.5-cm x 2.5-cm NaI(Tl) detector was coupled to a SCOUT portable multi-channel analyzer (Photo 4). A 5-cm by 60-cm long plastic pipe was inserted into the hole left by the core bore operation (Photo 2). The NaI(Tl) probe was then lowered into the plastic pipe (Photo 3) and spectra recorded every 5 cm. A 3-cm thick Bi/Sn alloy absorber (density 8.7 g/cm 3 ) was placed over the end of the detector to reduce the detection of activity in the axial direction. The net count rate in the 137 Cs photopeak was then used to determine the relative depth distribution of the 137 Cs activity at 5-cm intervals.
Photo 2. Inserting the Pipe into the Bore Hole

Results
The results from each transect are shown in the Appendices. One figure in each appendix shows the gross count rates for the unshielded detector, the background rate from the shielded detector, and the residual count rate from the ground measurement along the transect. The lines are a smoothed spline fit to the data and merely added as a visual aid. The 1991 aerial survey data (corrected to count rates expected at one meter above the ground) were within the same general range of count rates measured by the unshielded NaI(Tl) detector. The next figure shows the net count rates at these same locations in the 662 keV region of the spectrum. The detection limits are based on the method described by Currie [11] at the 95% confidence level. The error bars on the count rates are reported at the 2-sigma level. The increased count rate for the 137 Cs photopeak coincides with the increased residual count rate (0-2000 keV) suggesting that 137 Cs is the primary FRQWULEXWRU LQ WKH VSHFWUD 1R RWKHU UD\V IURP PDQPDGH UDGLRQXFOLGHV ZHUH HYLGHQW LQ any of the field spectra.
The next figures in the appendix show the count rates for the full spectrum (0-2000 keV), and for the 662 keV ( 137 Cs) photopeak as observed in the spectra taken with the downhole NaI(Tl) probe, if completed. As before, the error bars are shown at the 2-sigma level. No other man-made radionuclides were evident in the down-hole spectra.
Model Development
Several computer codes in combination with laboratory calibrations were used to generate the response function of the 5-cm by 5-cm NaI(Tl) detector used for the ground surface measurements in the field. Using the dual spectrum/absorber measurement technique, the effective area samples with the detector was calculated to be ~2000 cm 2 . This was confirmed in the laboratory using a point source located 30 cm from the detector face and moved radially outward from the detector centerline ( Figure 4 ). The detection efficiency and peak-to-total ratio was measured for the detector at this distance using a calibrated 137 Cs source. The measured detection efficiency for the 662 keV photopeak at 30 cm was used to benchmark all the computer code simulations.
Microshield™ was the first code used to estimate the soil concentrations of 137 Cs. This code computes the average dose rates observed for various extended source configurations. The SAM 935 field instrument was calibrated by the manufacturer to calculate the dose rate contributions for individual radionuclides and read out the total dose rate based on the actual spectrum. In most cases 137 Cs was the primary dose FRQWULEXWRU WR WKH VSHFWUD 7KH IOX[HV RI UD\V UHDFKLQJ WKH GHWHFWRU IRU YDULRXV H[WHQGHG source configurations were also output from Microshield™ and compared to the observed 662 keV net peak intensity at each measured location. As stated previously, the model assumed a uniform source distribution of 137 Cs in the top 0.5 cm of the soil. Based on the bore-hole surveys, the average depth of peak activity was ~10 cm, with less contaminated overburden overlying the peak, as predicted above based on Site activities.
To incorporate the measured depth distribution the computer codes SYNTH 2 and ETNA 3 were used to simulate spectra for various source configurations. SYNTH was used to model the source conditions at a source-to-detector distance of 30 cm. ETNA was used to transform the point source calibrations for the NaI(Tl) detector to extended source geometries. To reflect the depth distribution measurements, source distributions were Cs was assumed to be uniformly distributed throughout the disk. As before, the matrix was assumed to be soil of composition suggested by Miller and Shebell [9] . Calculations were then repeated for photopeak intensities at 30 cm as the disks were overburdened with clean soil of the same elemental composition in 5-cm increments. The results of this calculation are shown in )LJXUH DQG LQGLFDWH WKDW WKH LQWHQVLW\ RI WKH WUDQVPLWWHG UD\V DW NH9 IDOOV RII dramatically as the thickness of the uncontaminated soil increases. To check the consistency of the calculations, the count rates observed at 30 cm for a source of various thicknesses were calculated and are shown in Figure 6 The response of the surface detector to 137 Cs for various depth distributions could then be calculated from the measured field depth profiles and the recorded surface count rates using the following:
where CR is the calculated count rate for a uniformly distributed source of 1 pCi/g in soil of density 1.6 g/cm 3 in a measured depth distribution containing f i fraction of counts in the i th interval. C i LV WKH FDOFXODWHG FRXQW UDWH IRU WKH NH9 UD\ LQ WKH L th interval for a 1 pCi/g source. The intervals represent the 5 cm depth increments. As an example of this calculation see the following table (Table 1) taken from Appendix C (transect 3).
The first column gives the distance to the top of a 5-cm layer of contaminated soil to the detector. The second column is the thickness of the clean soil layer on top of the 137 Cs Relative Depth (cm) 
Calculation of 137 Cs Inventory
The results of the field measurements and the aerial γ-ray distribution measurements were geo-registered onto SRS site maps using standard GIS techniques which uses ArcView® to analyze and display data. ArcView was used to plot the field survey data over the radiological isopleths determined from the aerial surveys, which covered the entire watershed. Combining the calculated field sample results with the 137 Cs distribution, determined by the aerial surveys, permitted an estimate of the 137 Cs inventory. A description of the process used to combine the field and model data in order to estimate the total inventory of 137 Cs within the 4MC floodplain follows. Using these values, the total volume occupied by the contaminant was determined.
Multiplying by the average soil density, 1.6 g/cm 3 , gave the total grams of contaminated soil. The observed 137 Cs count rate was averaged over transect 7 and resulted in a mean count rate of 15.8 cps (refer to Appendix G). This value was then divided by the calculated 137 Cs count rate obtained from the simplified model (0.078 cps per pCi/g, Appendix G) to obtain the activity of 137 Cs per gram of sediment within the area. Multiplying the activity of 137 Cs by the total mass gives the inventory of 137 Cs in that area. For the area covered by transects 7-10 a total of 4.7 Ci of 137 Cs is estimated to be present. The above process was repeated for the areas along transect 4, 11, 13, 15, and 16 and in the swamp (transects 1-3). Results are shown in Table 2 . Width of 137 Cs contamination was 13 determined using the field measurements for transects traversing the creek whenever available, otherwise, the width of the isopleth, as determined from the aerial surveys. Along the transects, the count rate is the average of the cps for the 137 Cs photopeak determined by the surface γ-ray measurements.
Between the transects along the main channel of the creek, prior to the swamp, the average count rate was determined by the aerial isopleth data compared to the areas in which measurements were made. Transects 4, 7 and 11 were all located within the 914-cps isopleth. The average count rate along all these transects is about 10 cps, thus in areas within the 914-cps isopleth a value of 10 cps was assigned when not directly measured. This occurred above transect 4 and between transect 11 and 13. Surface measurements made within the 286-cps isopleth averaged 0.5 counts per second thus this value was used for all areas not directly measured. The few surface measurements made within the 91-cps isopleth had no detectable 137 Cs photopeak, thus were assigned a value of "non-detectable."
In the swamp two "hot-spots" (indicated by the 914-cps isopleth) were noted on the aerial surveys, one each on transects 2 and 3. The average measured count rate was 4.6 and 2.3 cps, respectively. The average count rate along transect 1 was about 1.6 cps; this value was used to calculate the 137 Cs inventory within the isopleths above transect 1. Excluding the "hot-spot" on transect 2, the average count rate was 1.4 cps. This was averaged with the transect 1 value (1.6) and used to calculate the inventory between transect 1 and 2. Similarly, the average count rate on transect 3 (excluding the "hot-spot) was averaged with the transect 2 average to calculate the inventory between transect 2 and 3. The transect 3 average was used to estimate the inventory within the 286-cps isopleth below transect 3; the 91-cps isopleth below transect 3 was non-detectable by the field measurement system. The factor to convert the surface cps to pCi/g (column 5 in Table 2 ) for transect 7 was used to calculate the inventory from the headwaters, through transect 4 to transect 7. Between transect 7 and 11 the average conversion factor was used. Discharges from the C-reactor entered 4MC immediately above transect 13 and had scoured a deep channel while the reactor was operating. More sedimentation has since occurred in this part of the 4MC, depositing cleaner sediment over the 137 Cs contaminant peak. This has reduced the surface measured count rate, resulting in a lower detection efficiency (smaller conversion factor). Because the same process is occurring along transect 13 and 15, the conversion factor calculated for transect 15 was used for transect 13, and all areas below transect 13. The average value of transect 15 and transect 1 was used to convert the cps to pCi/g of 137 Cs between these areas. In the swamp region the conversion factor increases with distance into the swamp, implying less fresh, clean, sediment being deposited further into the swamp. The average of transect 1 and 2 was used to calculate the inventory between those transects, and the average of 2 and 3 to calculate the inventory in that region. The conversion determined for transect 3 was used for all areas below transect 3.
Conclusions
In-situ ground surface radiation measurements were made along predetermined transects within the Fourmile Creek Watershed on the SRS. The field measurements were coupled with previously analyzed aerial γ-ray surveys to determine the amount of 137 Cs remaining within the 4MC floodplain. A total inventory of ~23 Ci of 137 Cs was calculated to remain in the sediment of the floodplain, divided about evenly between the upper creek and the swamp. This value is in reasonable agreement with the total decay-corrected inventory of 28 Ci of 137 Cs released to the 4MC. Relative Depth (inches) 
